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Abstract. This report contains results of analysis done during an FYO08 feasibility study in-
vestigating the use of adjoint methodologies for a posteriori error estimation for hydrodynamics
simulations. We developed an approach to adjoint analysis for these systems through use of modified
equations and viscosity solutions. Targeting first the 1D Burgers equation, we include a verification
of the adjoint operator for the modified equation for the Lax-Friedrichs scheme, then derivations
of an a posteriori error analysis for a finite difference scheme and a discontinuous Galerkin scheme
applied to this problem. We include some numerical results showing the use of the error estimate.
Lastly, we develop a computable a posteriori error estimate for the MAC scheme applied to stationary
Navier-Stokes.

1. Introduction. The adjoint-based approach to a posteriori analysis of the ef-
fects of perturbation and error on solutions of differential equations uses the adjoint
operator to determine the global effects of the local introduction of error. The solution
of the adjoint operator carries the stability information that allows an accurate quan-
tification of the effects of propagation, accumulation, and cancelation of perturbations
[7]. A key issue with using adjoint-based analysis for nonlinear differential equations
is defining the correct adjoint [11, 6]. In general, there are multiple possibilities for a
nonlinear problem.

In recent years, there has been significant progress in the analysis of properties
of solutions of nonlinear conservation laws using the viscosity solution method, which
employs the adjoint operator associated to the stabilized version of the conservation
law provided by a vanishing viscosity term [4, 2, 3]. This analysis has established
existence, uniqueness, and smoothness properties of solutions by means of properties
of the adjoint operator. The stabilized version of the problem is associated with a
unique adjoint operator, so in this sense, we can think of the adjoint operator of the
stabilized problem as the “right” adjoint operator for treating the stability properties
of the solution of the original conservation law.

These observations are particularly relevant for numerical methods for hydrody-
namic simulations that depend on some kind of stabilization procedure. In this case,
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the stabilization procedure affects the definition of the correct adjoint operator that
should be associated with the numerical method. Moreover, this operator may or may
not be particularly close to the adjoint operator associated with the viscosity solution
of the problem. We investigate the connection between a numerical method, and any
stabilization procedure, and the definition of an adjoint operator that is useful for
a posteriori error analysis. The goal is to consider how the definition of the adjoint
operator reflects the stability properties of the numerical solution. In this work, we
explore the definition and use of adjoint operators for error and perturbation analysis
for the numerical solution of hydrodynamic properties. We pursue two independent
approaches.

First, we consider the problem of defining the correct adjoint operator for a nu-
merical scheme that includes stabilization. As a first step, we consider the classic
method of the modified equation for the analysis of a numerical method [12]. The
modified equation associated with a numerical method for a differential equation is a
new differential equation that has the property that the numerical approximation is
a better approximation of the solution of the modified equation than of the original
equation. A natural idea is to use the adjoint operator for the modified equation as
the adjoint operator for the numerical method.

We undertook to address two questions that arise in this approach:

e Can we identify the adjoint for the modified equation for a numerical method
as a reasonable candidate to be the adjoint for the numerical scheme?
e Can we use the adjoint of the modified equation for error analysis?
We carry out this investigation for the Lax-Friedrichs scheme.

Our second approach to using adjoint operator-based error analysis for hydrody-
namic simulations is to pursue the extension of the analysis to a stable and accurate
finite-volume scheme for the Navier-Stokes equations. We consider the so-called MAC
scheme [9, 10], which along with closely related variations, is well-used in the Depart-
ment of Energy Laboratories. The technical issue here is that the a posteriori error
analysis is typically applied only to finite element methods, whereas the usual presen-
tation of a finite volume method lacks the variational formulation that is necessary
for the use of the adjoint operator. Following [8], we reformulate the MAC scheme
as a mixed finite element method with a special quadrature, and then apply the a
posteriori analysis to this new formulation.

This report is organized as follows. The next section introduces the idea of defin-
ing an adjoint operator for a numerical scheme applied to a conservation law by using
the viscosity solution and modified equation. Section 3 verifies the adjoint equation
to the modified equation for the Lax-Friedrichs scheme applied to Burger’s equation.
Section 4 derives a posteriori error analysis for a finite difference scheme and a dis-
continuous Galerkin scheme equivalent to the Lax-Friedrichs method and presents
some numerical results. Section 5 derives a computable a posteriori error estimate for
the MAC scheme applied to stationary Navier-Stokes. The last section makes some
conclusions.

2. Defining adjoint operators using the viscosity solution and the mod-
ified equation. An important issue for a posteriori analysis is defining the appro-
priate adjoint operators for both the original problem and its discretizations. For
nonlinear problems in general, there is not a unique definition, see[11]. In addition,
discretization issues, such as stabilization, may also affect the definition of an adjoint
operator.

For the conservation law, we propose to use the adjoint operator associated with
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the vanishing viscosity solution. Suppose u denotes the solution of the conservation
law

ou  Of(u)

ot ox

~0. (2.1)

We set A(u) = f'(u) and for small € > 0, we let u, solve

Oue
ot

Oue 9%u,

+A(U5)% =€ 81:2 .

(2.2)

Note that we are ignoring boundary conditions in the discussion below and we assume
that appropriate boundary conditions are imposed on the solution. In practice, it is
important to consider the boundary conditions when defining adjoint operators.

The solution u. is the vanishing viscosity solution. The introduction of the diffu-
sion term stabilizes the problem, which makes it possible to prove strong properties for
ue. Moreover, we can prove that u. converges to the physically meaningful (entropy
decreasing) solution u of (2.1) and subsequently deduce properties of the solution w.
This analysis uses the adjoint problem

«One _ 91
=¢

ox 0z

_One Alu)

L (2.3)

that can be associated with (2.2) in a natural way.

To determine an adjoint for a numerical method, we consider the method of the
modified equation. A modified equation for a numerical method for a given differen-
tial equation is another differential equation that the numerical scheme approximates
the solution of with higher accuracy than it approximates the solution of the orig-
inal problem. Typically, the modified equation can be identified through a Taylor
approximation analysis and is obtained by adding higher order derivative terms with
coefficients depending on the discretization parameters to the original equation.

We consider the linear version of Burgers equation,
us + auy, = 0. (2.4)

We construct a discrete grid {z;,t,} in space-time, with spacing h and k in space and
time respectively. The explicit upwind scheme is

prtt —gn  yr_yr
et hH:o. (2.5)

We define the truncation error

€;(u) = u;-”rl —ui +n(uf —uj_y), n=ck/h.

Using Taylor’s theorem, it is straightforward to show that the truncation error satisfies

|e?(u) — k(ui(xj, tn) + aug(xj, t,)) = O(k?, kh).

If we let w solve the modified equation

ah ak
wy + awy, = 5 <1 — 7) W (2.6)
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then

e?(w) —k (wt(xj,tn) + awy (x5, tn) — % (1 - %) wm) ’ = O(k3’ khQ).

In other words, U is a closer approximation of w than of the original solution w.
For the Lax-Friedrichs scheme,

Uyt = §(Uf—1 + U - ﬁa( i1~ Uit) =0, (2.7)

the modified equation is

h2 ak\?
wy + aw, = 2% (1 — (7> > Weg- (2.8)

The modified equation for the Lax-Wendroff scheme for (2.4) is

h2a [ a®k?
w+ aw, = (? - 1) Wan. (2.9)

The modified equation for the Beam-Warming scheme for (2.4) is

h2a [ ak ak

We show some solutions in Fig. 2.1.

1.0 +—

—— True solution
—— Modified equation for Lax Wendroff
— Modified equation for Lax Friedrichs

Fig. 2.1: Plots of the solutions of transport equation, the modified equation for the
Lax-Friedrichs scheme (2.8), and the modified equation for the Lax-Wendroff scheme
(2.9). The initial data is a pulse of height 1 located in [—.3, 0], the transport coefficient
a = 1, and the solutions are shown at time .5.
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We suggest that the adjoint operator corresponding to the modified equation is
a natural choice for an adjoint operator for the corresponding difference scheme. For

example, we use
h? ak\’
—¢r — agy = o (1— (7) >¢zz+¢ (2.11)

as the adjoint operator for the Lax-Friedrichs scheme. For the Lax-Wendroff scheme,
We propose

_¢t - ad)z =

6 h?

For data, we choose ¥ = 1/T where T is the final time of computation while
the “initial” data for the adjoint problem posed at time 7" is 0. This corresponds to

choosing
1 T 00
—/ / u(t, x) dxdt, (2.13)
T 0 —o0

as the quantity of interest. We show adjoint solutions in Fig. 2.2. The differences
in the stability properties of the two problems corresponding to Lax-Friedrichs and
Lax-Wendroff is evident.

I | T T
-1 0 1 -1 0 1

Fig. 2.2: Right: A solution of the adjoint equation for Lax-Friedrichs. Left: A solution
of the adjoint equation for Lax-Wendroff. The adjoint data is ¢ = 1, the transport
coefficient @ = 1, and the solutions are shown at time .5.

Alternatively, we can specify
(o]
/ u(T, x) dx (2.14)
— 00

as the quantity of interest by choosing ¢ = 0 and setting the initial data for the
adjoint problem at time 7" to be 1. We show a solution in Fig. 2.3.

3. Verifying the adjoint equation for the modified equation. In this first
calculation, we verify that (2.11) is the correct adjoint for the modified equation (2.8)
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-1 0 1

Fig. 2.3: A solution of the adjoint equation for Lax-Friedrichs corresponding to a
quantity of interest at the final time T = .5.

for the Lax-Friedrichs scheme applied to Burger’s equation. Analogous computations
hold for other difference schemes. We set

c(h, k) = g (1 _ (”_:)2>

_(bt - a(b:c = C(h; k)¢xx + w (31)

so that (2.11) becomes

We assume that 4 denotes a solution of a problem obtained from (2.8) by small
perturbations of the coefficients. We let @ = @ — u denote the error. Because the
problems are linear and the residual of u is zero, we have

Wy + a, — c(h, k)Wyy = Rﬂ(x, t),

where we assume that the residual Ry is small. Integrating, we have

/ / (x,t)p(x, t) dedt = / / wt + aw, — c(h, k)wm)qbdxdt

We integrate by parts in each term,

/OT /Z Wi drdt = /O:O (d’(T)"Z’(T) - ¢(0)1D(0)) dxdt — /OT /O:O b dadt.

Since ¢(T) = 0 and assuming that the initial error of the perturbed solution is zero,
w(0) = 0, the boundary terms vanish. Similarly, assuming that ¢ — 0 as z — toc0,

T 00 T e}
/ / AW, ¢ drdt = —/ / awe, dxdt.
0 —00 0 —o0
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Assuming in addition that @ — 0 as z — +00,

T e’} T o)
/ / CWap ¢ dxdt = / / CW gy dxdt.
0 —o0 0 —00
We obtain

/ / (z,t)p(z,t) dedt = / / — ¢ — ady — c(h, k) oy )w dudt.

Using (3.1), we conclude

THEOREM 3.1. Let u denote a perturbed solution of the modified equation for the
Laa-Friedrichs method, Ry denote its residual, ¢ denote the solution of the adjoint
problem associated with the modified equation. Then

/ / u) ddt = /0 : [ O:O R dxdt. (3.2)

For the alternate quantity of interest (2.14), we have

/Z(ﬁ —u)(T,z)dr = — /OT /o; Ra¢ dudt. (3.3)

These are the expected error representation formulas and this shows that we have
defined the correct adjoint.

We use the fact that the differential equation is linear and the scheme is translation
invariant. The analysis is more complicated for a nonlinear problem. We again form
the error w, but now we evaluate the residual using linearization. The difference
scheme is not translation invariant in general, so ¢ = ¢(u), and this has to be included
in the integration by parts.

4. An a posteriori analysis using adjoint operators.

4.1. Direct a posteriori analysis for a finite difference scheme. Adjoint-
based a posteriori analysis is generally applied to finite element methods because it
uses variational analysis. Typically, applications to a finite difference methods are
carried out by first recasting the finite difference scheme as a finite element method
with quadrature to evaluate the integrals. We provide an example of this approach
in Sec. 5 below. In this section, we explore a direct application of adjoint-based a
posteriori analysis to finite difference schemes using the modified equations discussed
in Sec. 3.

The idea is based on the use of the modified equation for accuracy analysis. The
solution of the modified equation for a difference scheme has the property that its local
truncation error is higher order than the truncation error of the solution of the original
problem. From the higher order truncation error, we can prove that the difference
scheme better approximates the solution of the modified equation than the solution of
the original problem. Our conjecture is that the residual of a finite difference scheme
in its modified equation is higher order than its residual in the original problem. This
makes it natural to use the adjoint of the modified equation for a posteriori analysis
of the finite difference scheme.

To make this concrete, we have to define the residual of a finite difference approx-
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imation. The residual is obtained formally by substituting the approximation into
the weak form of the differential equation. To make this substitution, we define a
function that interpolates the values of the finite difference scheme.

For the Lax-Friedrichs scheme, we first recognize the weak form of the error
representation (3.2),

/OT /O:O Ra¢ dedt = /OT /Z (-Q%—ad)m)ﬂdxdt—l—/oT /Z c(h, k)pyty, dedt. (4.1)

We let U denote the piecewise linear, continuous function that interpolates the values
of the Lax-Friedrichs approximation U}". This function has sufficient regularity to be
substituted directly into (4.1) and its residual resembles the residual of the standard
finite element approximation of the modified equation. Given the close connection
between the residual of U and the truncation error, we assume that

T 0
/ / Ry ¢ dzdt = O(K?, kh).
0 —00

We assume that the quantity of interest is (2.14). We begin the error analysis by
decomposing

[e )

/O;(U—u)(T, x)dr = /O;(U—w)(T, x) dm+[m(w —u)(T,x)dz, (42)

=TI +1I,

where recall that w solves the modified equation (2.8). Applying (3.2) to U gives

I:/oo (U—w)(T,a:)dx:/OT/_ZRU¢dxdt:O(k2,kh).

— 00

Expression 1T measures the impact of the difference between the solution of the origi-
nal problem and the modified equation. In order to estimate this term, we decompose
it as

/O;(w—u)(T,a:)dxz/o;(w—ue)(T,a:)da:+/Z(ue—u)(T,a:)dx, s

= [Ia+ ITb,

where recall that u, is the vanishing viscosity solution of (2.2).

Using the theory for the vanishing viscosity solution, we have
ITb = O(eV/?).

We can not estimate this term, since that requires the solution of the original problem,
but we can make this term small by choosing e small.

This leaves IIa to be estimated. The advantage gained by the decomposition
(4.3) is that we have reduced the a posteriori analysis to solutions of problems that
have well defined adjoint problems. We now consider the solution w of the modified
equation as a perturbed solution of the vanishing viscosity problem (2.2). We use the
solution n of the adjoint (2.3) for the vanishing viscosity problem. The analysis is
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exactly the same as for Theorem 3.1. We obtain

00 T [e%s)
/ (w—ue)(T,x)dx = — / / Ryndxdt, (4.4)
—00 0 —o00
where the residual is
Ry = (c(h, k) — €)wgy.

We summarize

THEOREM 4.1. Let u denote the solution of the original problem, U denote the
Laz-Friedrichs approzimation, Ry denote the residual of U in the modified equation,
¢ denote the solution of the adjoint for the modified equation, R, the residual of the
solution of the modified equation in the vanishing viscosity problem, n the solution of
the adjoint for the vanishing viscosity problem, and ¢ > 0 a small number. Then,

[ wiana= [ [T aowas [ [ R 0@,

Using (4.5) requires computing approximations of the adjoint solutions ¢ and 7.

The residual Ry can be computed directly by substitution. The integrand in the

second term
h2 ak\ >

is small in regions where 1 and w,, are small. Otherwise, we must make it small by

choosing h and k so that
h? ak\?
“(1-(=) ) ~e
2k h

which effectively places a size restriction on the discretization. It would be interesting
to pursue adaptive error control based on this criterion.

REMARK 4.1. Extension of this analysis to the Lax- Wendroff scheme is an inter-
esting problem. Because the modified equation for the Lax-Wendroff scheme involves
a third order spatial derivative, we could use a Hermite spline with continuous first
derivatives to define the function U in order to evaluate the residual in the weak error
representation formula. The residual of U would now be

o (2

Rw = 6 ? — 1) Wrpr — EWgry -

It is not clear that this expression can be made small!

This situation suggests the use of a blended scheme that becomes Lax- Wendroff in
regions where the solution is smooth but Lax-Friedrichs in regions where the solution
is nonsmooth. The analogous estimates for such a blended scheme might indicate how
the blending should be carried out in an adaptive fashion as the solution progresses.

4.2. An a posteriori analysis of the time error in discontinuous Galerkin
discretization. We next present an a posteriori error analysis for the numerical
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solution of the systems of ordinary differential equations that result after discretizing
a system of conservation laws using the discontinuous Galerkin method in space. The
discontinuous Galerkin method with an appropriate choice of flux function yields
many of the standard finite difference approximations.

Following Cockburn [5], we consider the problem

ur+ flu), =0, 0<z<1,0<t<T,
w(0,t) =wu(l,t), 0<t<T, (4.6)
u(z,0) =up(z), 0<z<lLl

4.2.1. Discretization in space. We partition (0,1) into {xj+1/2}§\’:0 and set
J = (w12, Tj41/2), hj = @j41/2 — xj_1)9 for j = 1,--- N. For simplicity, we
assume that h; = h for all j.

We compute a semidiscrete approximation up(t) to u(t) such that for each 0 <
t <T, up belongs to

Vi, ={veLY0,1):v|;, € P°(J;),j=1,--- ,N},

where PY(J;) denotes the constant polynomials on the interval.
The weak formulation of (4.6) over J; reads

fjj Opu(z, t)v(z) dx — fJ f(u(z,t)0yv(x) dx
+f( w1y D)0 <xm/g> Flulas Ol ) =0, (A7)
fJ x)dr = fJ uo(z)v(x) d,

forj=1,---,N.
To formulate the finite element approximation, which is discontinuous across
nodes, we replace the flux f by a numerical flux,

f(u(xj-i-l/Qat)) - h(u(x;+1/2at)vu(x;rJrl/Qat))'
Since up(2,t) is constant on each J;, we write
uj(t) = up(z,t), z € Jj.

The semidiscrete discontinuous Galerkin finite element approximation satisfies

{@uj( ) + (h(u;(t), Uy+1(t)) — h(uj—1(£),u;(t)) /b = 0,
i

u;(0) = J;, uo(z) dz

forj=1,---,N.
Various choices of the numerical flux lead to well known finite difference schemes.
We consider the Lax-Friedrichs flux

1

5 (f(a) + f(b) = C(b~a))

(4.8)

h(a,b) =
where the classic Lax-Friedrichs scheme uses C' = 1, but another choice is

C= max If'(s)]-

inf up <s<supup
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This yields the system

Oyuj(t) = — 55 (Flujea(t) — fluj—1(8) + § (wjpr — uj_1),
u;(0) = fJJ uo(z) dx,

for j=1,---, N. Imposing periodic boundary conditions, we can write this as

(4.9)

Orur(t) = — g5 (f(uz(t) = flun(t)) + 5 (u2 — un),
) (f

By (t) = =55 (f(ujpr(8)) = fluj—1(8)) + § (wjr1 —wj1), 2<j<N -1,
Orun (t) = =35 (f(wr (8)) = flun—1(t) + § (w1 — un—1),
ij uo () da,
(4.10)
4.3. Discretization in time. We set
o (f(ua(t)) — f(un ())+§(u2—uzv)
g(u) = —ﬁ( (uy+1( ) = fluj-1(t) + g(uﬁl —uj-1) j=2,---N,
— 55 (F(ur(t)) = flun—1(8) + 5 (w1 —un—1)
0 (4.10) becomes simply
w(t)=g(u), 0<t<T. (4.11)

To discretize in time, we also use a discontinuous Galerkin method with piecewise
constant approximations We discretize [0,T] by {t;} with tg = O7 ty=T,t;—t;_1 =
k, and I; = (t;—1,t;] for all i. We set U0 = u;(0) for j = 1,---,N. For an implicit
approximation for i = 1,- (I;) satisfies

/ (Ut — g(U)) ~vdt + (UIL — Ui—l) ~v;—1 =0, (4.12)

i

for all v with v|;, € P°(I;). Note that U; = 0. We use an explicit approximation

computed by applying the left-hand point rectangle rule to evaluate the integral

[ o) vit = gk

I;
We end up with
U =U"1 4+ kg(U). (4.13)
This can be rewritten as the Lax-Friedrichs scheme,

k

. ) Ck
Ut = Uj = o (F(U 1) = (U] 1) +

— (Ui = Uja), (4.14)
with suitable interpretation on the boundaries.

4.4. An a posteriori analysis of the time error. We analyze the error from
discretization in time assuming that the space discretization is fixed.

Since the problem (4.10) is nonlinear, we linearize to form an adjoint problem.
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We define

1
7, U) = / g'(sU + (1 - s)u) ds,
0
so that

g'(u, U)(U —u) = g(U) — g(u).

We define the adjoint problem

—¢'(t) =g (w,U)T¢=0, T>t>0

¢() g(u) ) ¢ I’ > — Y (4.15)
(T) = .

This corresponds to the quantity of interest u(T") - ¢p. We set e = U — w.

Using the standard analysis for the discontinuous Galerkin method ([7]), we obtain
the error representation

M M )
T) -4 = Z /I(U' —g(U) - (¢ —me@)dt + Y U™+ (¢ — mi@)le=t,_,»  (4.16)

where 75 is any projection into the piecewise constant functions with respect to the
discretization {t;}. We choose the projection to interpolate ¢ at the nodes, which
causes the second term to vanish. We obtain

)= Z/ " g(U)) - (6 — (ti1)) dt (4.17)

To use (4.17), we compute a numerical solution of (4.15), typically replacing
g'(u,U) = g'(U).

We solve this with a second order or higher method in order to be able to evaluate
the projection expression.

We have to alter the representation (4.17) in order to treat the explicit method
(4.13) used in practice. This becomes

)= Z/ "= g(U)) - (6 — blti 1)) dt

+Z/ g(U™Y) - (¢ = ¢(ti-1)) dt.  (4.18)

The first expression on the right simplifies

Z/ "~ gU)) (6~ b)) Zgrﬂ/¢> Ot 1)) di
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The second expression on the right
M .
> [ @) = o) (6= olti-)
i=1 7T

M . .
=3 6W) o) [ @-star (@19)

is a quadrature error term.
4.4.1. A computational example. We discretize the problem

Uy + utl, =0, O<zr<1,0<t,
u(0,t) =u(1,t), 0<t, (4.20)
u(z,0) =up(z), 0<x<l1,

in space using the dG/Lax-Friedrichs method with 50 space nodes, where

0, 0<z< .4,
—4)/1, 4A<z<.5,

x)/.1, b<x<.6,
0, b6 <x <.

We then use the estimate (4.18) to compute a posteriori estimates in the error of the
average value.

We wish to understand the different sources of error, so we compare the results
from using both the implicit and explicit Euler methods for the time integration. The
implicit Euler error representation does not have the quadrature error term (4.19).

We show the implicit Euler results in Fig. 4.1.

Sohdion - Backward Euler Sohdion - Backward Euler

Fig. 4.1: A solution of the semidiscrete Burgers equation computed using the dG
method in space and implicit Euler in time. The plot on the right is rotated.

We show the results using explicit Euler for time integration, yielding the common
scheme (4.14), in Fig. 4.2.
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Sohution - Forward Euler Sohution - Forward Euler

Fig. 4.2: A solution of the semidiscrete Burgers equation computed using the dG
method in space and explicit Euler in time. The plot on the right is rotated.

We plot the element contributions in (4.16), i.e.
J 0 =) (0= ma) i+ U (6= bl

for each component of the solution in Fig. 4.3. The explicit Euler method clearly
exhibits some mild instability as the element contributions increase in time, whereas
the implicit Euler contributions remain bounded.

Error Contributions - Backward Euler Errer Contributions - Forward Euler

.I ! "]‘l } .II f [

: e

I{ Ii'lr.}l';":'.{‘qf-a,._é el

Fig. 4.3: We plot the element error contributions for the implicit and explicit Euler
methods. Note the gradual increase in the error contributions for the explicit Euler
scheme as time increases (back towards the upper left). This suggests that the explicit
Euler exhibits some mild instability.

Next we plot the element contributions
9" -9 [ ot ds
I;
for the quadrature error component. This has a very interesting pattern in that the

quadrature error increases as time passes in all the variables uniformly, see Fig. 4.4.
In fact, the quadrature error comes to dominate the entire error!
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Exfrapolation Contributicns - Forward Euler Total Emor - Forward Euer

‘:
24 "
o |®
b Al
24
|-
N
6.
1000
| i |
500 e B 500 = So1
—20 0
10 10
0o 0o

Fig. 4.4: Left: Quadrature error contributions for the explicit Euler solution. Right:
Total error estimate for the explicit Euler solution.

5. An a posterior: analysis for the M AC scheme for the Navier-Stokes
problem. The Navier-Stokes equations describe the flow of fluids. The system of
equations comes about through expressions of the three conservation laws: mass,
momentum, and energy and is written as,

0
AV (V) =0, (5.1)
oV
pr +PV V)V =pg+ V-7 = Vp, (5.2)
8h / 8uz

9
Fp(V- V=22 4 o(V - V)p+ V- (kVT) + 7/

-5 (5.3)

pE J 8xj ’
Here p is density, V = (u1, u2,ug) is velocity, p is pressure, g are gravitational forces,
k is the thermal conductivity, and h is enthalpy expressed as, h = e + % where e is
internal energy. For a linear, Newtonian fluid, the viscous stresses are expressed as,

ou;  Ou;
./, P— v ] 74 . .4
Tl = (8xj + 8xi> +0;;AV -V, (5.4)

where p is the coefficient of viscosity, and A is the coefficient of bulk viscosity.

5.1. The stationary problem and discretization. We describe the discretiza-
tion and analysis for a stationary version of the incompressible Navier-Stokes equation
in velocity-pressure formulation on domain Q C R? i.e.

—vAu+ (u-V)u+Vp=F, inQ (5.5a)
—-V-u=0 in Q (5.5b)
u=0, onof. (5.5¢)

Here, v > 0 is the kinematic viscosity and u = (u”,u¥) and p are the velocity and
pressure unknowns. F = (F*  FY) is the given volume force.

Extending the analysis to a discretization of the full time-dependent version of
the problem is relatively straightforward.
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5.1.1. A mixed finite element scheme. Let H"(2) and H}(Q) be the stan-
dard Sobolev spaces equipped with the norm || - ||, and let

V = Hg(Q) x Hy(9),
M = {q € L*(Q) and / gdz = 0}.
Q
Then the weak formulation for (5.5) is, find (u,p) € (V, M) such that

a(u,v) +b(v,p) + c(u,v) = (F,v), VYveV, (5.6a)
b(u,q) =0, VgeM, (5.6b)

where
a(u,v) = V/ Vu: Vvdz,
Q
b(u,q) = —/ qV -vdz,
Q
c(u,v) = / (u-Viu-vde,
Q

(F,v):/ F -vdz.
Q
For simplicity, we take € to be a unite square [0, 1] x [0, 1] and we partition [0, 1]
in x- and y- direction as following:
0=ap < a1 < -+ < a1, =1, O=y <y1 < - <yp=1.

The corresponding quadrangulation is denoted by J3,. We also denote the middle
points with indices of half integers: z;11/2 = (Tit1 — %) /2, Yjr1/2 = Wj+1 —yj) /2.

Interval distances are Az;yq/2 = Ziv1 — i, AYjri2 = Yjr1 —yj for i =0,1,--- [k —
1L, j=0,1,--- £ -1, and Az; = Tit1/2 — Ti—1/2, ij = Yjr1/2 — Yj-1/2 for i =
1,--- k=1, 7=1,--- £ —1. We connect all the midpoints of the vertical sides of

T, by straight line segments. The corresponding quadrangulation is denoted by T7.
Similarly, if we connect all the midpoints of the horizontal sides of T}, then we obtain
the third quadrangulation which is denoted by ‘J'?L We denote h = max(Az;; /2,1 =
0,--- 7k_ 1;ij+1/2aj =0, 78_ 1)

O O O O
* * * * * O—0—0
o o o o
a a a
* * * * *
O O O O
L N
x* * x* * *
& &
* * * * *
O O O O D). D

(a) (b) ()
Fig. 5.1: Quadrangulations: (a) Ty, (b) T}, (c) T2.
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Note that different discretizations and approximation spaces are assigned to the
three primitive variables p, u* and wY. Specifically, p is approximated by piecewise
constant on each cell [z;_1, ;] X [y;j—1, y;] with degree of freedom located at the center.
That is, the approximate solution P belongs to

M, = {qh : qn|x = constant VK € T, and / qndr = O}.
Q

As for velocity approximation U* and UY, we have

U* e S}1L = {’Uh S CO(Q) : Uh|K S Ql(K),VK S 7}1” and Uh|8Q = 0},
UY e Sp={v, € C%Q) : vp|x € Q1(K),VK € T;, and vp|oq =0} .

Here, Q1 denotes the bilinear space. Let
V, =5 xS CcV.

Then the discrete mixed finite element scheme becomes, find (U, P) € Vj, x M}, such
that

a(U,v)+b(v,P)+c(U,v) = (F,v), VveVp (5.7a)
b(U,q) =0, YV q€ M. (5.7b)

For the quadrangulation 7, we divide the edges of all squares into two sets. The set
containing all vertical edges is denoted by Ly, and the set containing all horizontal
edges is denoted by Lg. We are then able to define an operator I, : V — V}, by

Inu= (Lju", IfuY) € S, x S satisfying
/I,{ufds = /u”ds Vie Ly, (5.8)
! l

/Iﬁuyds = /uyds VieLy. (5.9)
! !

As proven in [9], the following properties of this operator are observed :

(i) for allu € V,
/ qn div(u — Iyu)dz =0 Vg € My,
Q

(ii) there exists constant C independent of mesh size, such that
lu—TIpull1,0 < Cihlulz,e, YueV.
(iii) there is a constant Co independent of mesh size, such that
I Inull1,0 < Collull1,0, Yue V.

5.1.2. The MAC finite volume scheme. We now derive a mark and cell
(MAC) finite volume scheme for (5.5). First, integrate the x- and y-component of the
momentum equation and the continuity equation on different finite volumes; Next, we
approximate each term within proper approximation spaces. The following notations
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are used in the scheme

. 1
Mij-1/2 = 3 (771‘71/2,]‘71 T Nit1/2,5—1 T Ni—1/2,5 T 77i+1/2,j) ;

Nit1,5—1/2 — Ni,j—1/2 Nij+1/2 = Mij—1/2

5m; e ) = Vn e St
zTit1/2,5-1/2 A$i+1/2 ylig = Ay; € Dy,
and
2 1
Sic1/2,; = 1 (§i71,j71/2 +&ij—1/2 T &i—1j+1/2 + fi,j+1/2) )
= G125 —&im1/2, Eim1/2,5+1 — &im1/2,j—1 9
0.€1: = : : 0y&i1/9.: = : : )
2&i,j A, v&i—1/2,j4+1/2 Ay V¢ e S;,

The x-component of momentum. On K = [x;_1 /2, Tip1/2]X[yj-1,¥5] € T} i =
1,---,k—=1,5=1,--- ¢, we have

i+1/2 /1/7 82 x a:cU;c
—v dydx
/L L Ox? Oy Oy
/yg ({)Ux ({)Ux d /$i+1/2 8U9c| 8Ux| 4
= -V a_ lz; - T lr;_ y_l/ —j_— j— X
i or +1/2 ox 1/2 i) 8y Y 8y Yji—1

- _Vij—l/Q(s U+1/2] 1/2 +1/ij 1/26 U —1/2,j—1/2 (510)
— vAw;d, U +1/sz5 U? i1

In the last step, all the gradients are approximated by cell-centered finite difference.
On the boundary elements, we enforce the boundary condition and get

For the nonlinear diffusion term, we have

Tiy1/2 Yj i+1/2 Yj x T
/ / (U-V)U*dydx = / / UyaU + U“’aU dydx
Yj—1 8y 8

Ti-1/2 Ti—1/2 Yj—1
N i+1/2 Yi
=U 1,3—1/2/ U |yj U |y] 1dx+U 1,j— 1/2/ U |x11+1/2 U |x,1_1/2 dy
Ti_1/2 Yji-1
2 Uer. — U Uur . - Uz .
53 4,J5+1/2 4,j—3/2 i+1,7—1/2 i—1,7—1/2
=UY j_120; + U io12AYj-172 .

2 2

(5.11)

Here, in the second equation, UY is approximated by the average of the four neighbors
and U?” is approximated by the center value on the cell. While, in the third equation,

U* and UY are approximated by the average of their two neighbors. For the pressure
gradient term, we have

Tit1/2 Yi oP Yi
— dydx —/ Py, ,,—P
/17:—1/2 /y ox e

j—1 Yj—1

dy

Ti—1/2

= (Pit1/2,j-172 — Pic1j2,j-172) Ayj_1/2. (5.12)
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Finally, for the source term, we have

i+1/2 Yj
/ F* dyd.ﬁ = F;’ijl/QAxiijfl/Q- (513)
T

i—1/2 Yji—1

The y-component of momentum. The y-component of the momentum equation
is integrated on [x; 1, %] X [y;-1/2,Yj4+1/2] € J2i=1,---,k,j=1,---,f—1. Each
integral can be handled in a similar way as for z-component. So we have

Zi Yit1/2 9207Y 92U
—1// /y e 4+ — RYE dyd:cf VijchU + vAy;6,UY 1,
x j—1/2

— Z/Axi_l/Q(S U —1/2,j+1/2 + I/A(Ei_l/g(s U ~1/2,j—1/2" (514)

Zq Yj+1/2 2 Uy . — in .
/ / (U-V)UY dydz = U”;_y jg jAy;—2d 2320 (5 15)
x y

j—1/2 2
Uy 1/2 1 U'y—l 2,7—1
+U 1/2ij’L 1/2 s / gt 5 ¢ / 5] )
Ti Yit1/2 9P z;
/. / 8_y dydx = / P|y.7'+1/2 - P|y‘7‘—1/2 dx (516)
& Yj—1/2 Tio1
- (Pi71/2,j+1/2 - Pi71/2,j71/2) Azi_y/z-
Ti Yjt+1/2
/ / FYdyde = F, )y jA%i-1/209;. (5.17)
x Yj—1/2

The continuity equation. For the continuity equation, we integrate over K =
[xi—hxi] X [y_]—17yj] € “Thai = 1)' T 7k7 .7 = 1)' o 767

T Y Ti Yj
/ / -V - -Udydz = —/ Uvly, —Uy|y7._1d:v—/ U\, = U"sz,_, dy.
Ti—1 Y Yj—1 Ti—1 ! Yj—1

With U* and UY approximated by the average of the corresponding neighbors, we
obtain

_Ami,l/Qij,l/g{é UZ o joaje 40,02 o, 1/2} 0. (5.18)



20 D. ESTEP AND C.S. WOODWARD

We now collect all the terms and get the following MAC scheme:

— Vij 1/25 +1/2 G— 1/2 + Z/Ay] 1/25 1/2 G— 1/2 VAJ%& Ux + VAJ%& U ij—1
Ui,j+1/2 Uiz+1,j71/2 Uifl,jfl/Q
2 2

+ (]Di+1/2,j—1/2 - ]Di—l/Q,j—l/Q) ij—1/2 = Fﬁj—1/2Axiij—1/2 (5'19)

2 U3
+UY; j—1/2A; 923 + U1 00Y-1/2

— vAy,;6,UY ;+VvAy;0, Uy,
Uy

g —vAz,;_ 1/25 1/2]4-1/2_‘_”sz 1/2(5 1/21 1/2
uY -U?

2 -UY. . . . .

2 i+1/2,5 i—3/2, i—1/2,5+1 i—1/2,5—1
+Uxi71/2:jij : 2 d +Uy I/QJAJ“Z 1/2 ! 9 !
+ (Pz'—1/2,j+1/2 - ]Di—l/Q,j—l/Q) Ami—l/Q 1/2 ]A% 1/2Ay] (5'20)
- Ami—l/Qij—l/Q (5 U —1/2,j—1/2 + (5 U —1/2,5— 1/2) = 0. (521)

5.2. An a posteriori error analysis. In order to rewrite (5.19), (5.20) and
(5.21) into the framework of mixed finite element scheme, we first define the following
interpolating operators as in [9]:

9l C%K;) — Q1(K1), such that

(Q}6)(a:) 1= Hlas),i = 1,2,3.4, (5:22)
where a;, i = 1,2, 3,4, are the four nodes of K; € ‘J‘}L,
Q7. CO(K'Q) e Ql(Kg) such that (5.23)
where b;, i = 1,2,3, 4, are the four nodes of K» € 77, and
Q,: C%K) — Qo(K), such that (5.24)
(Qnd)(c) == ¢(c), '
where ¢ is the center of K; € ‘J‘}L. We then introduce the bilinear forms
an(U,v)=v4 > / VU - VoT)dz + / Q2 (VUY - Vo¥)da
KyeTt 7 K2€T?
VU,veVy,
bn (U, qn) Z/%th U)dz, VU E Vy,qn € My,

KeTy
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and

cen(U,v) = <Uxa(;] ,vx> +<Uya(g ,’u’”)
x M.D.M, Y MpDeM,

(U“’al vy> (Uyai vy> , VYU,veVy,
Oz’ M, Do M. y M.D.M,

where the subscripts M. denotes midpoint approximations, M, denotes the average
of values on four vertex of any cell and D, denotes centered finite difference. For the
discretized source term, we define

Z/Qth

KeTy

With suitably chosen test functions, the MAC scheme can be obtained in an equivalent
form as

an(U,v) + bp(v, P) + cp(U,v) = Fip(v), Vv eV, (5.25a)
bh(U,w) =0, Ywe M, (525b)

Subtracting (5.25a) and (5.25b) from (5.7a) and (5.7b) respectively and denote e, =
u—U,e, =p— P, we obtain

v (Vew, VV) — (ep, V- V) + {((va)T v,eu> (V@) ew,v) — ((@- V)v,eu)}

= QE1(v) + QE2(P,v) + QE3(v) + QE4(v), Vv &€ Vy, (5.26)
—(V-eg,w) = QE2(w,U), Vwe My, (5.27)

where QE1 — QE4 are quadratures errors defined as

QE1(v) =v{ Y /K (Q}, —I)(VU" - Vv*) dady

Ki€T}
+ Z / (Q2 —T)(VUY - Vv¥)dady 5 , (5.28)
KyeT?
F2gnv) =— 3 /qh (9 — )V - v dady,
KeTy,

(5.29)
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LOoU* LUt
QE3(v) = (U oz’ v ) - (U Oz "’ )MUDCMU
<Uy8U x> B (UyaU 71}1)
dy’ y My DM,

Yy y
()2
Ox "’ Oz’ M, D M.

ouY ouY
+ Uy—,vy> (Uy y) , 5.30
< dy Ay’ McD.M, ( )
Z/ (T —Qp)(F - v)daz. (5.31)
KeTy

Here, T denotes the identity operator. The three terms in the bracket of (5.26) are
obtained by linearizing the nonlinear term (u-V)u—(U-V)U around u = 3 (u+ U).
The adjoint problem of (5.7) is

—vAp+ (Vi) ¢ — (V-1)p—0-Vop+Vz =1, inQ, (5.32a)
-V-¢p =1, nQ (5.32b)
¢ = 0, on Of). (5.32¢)

If we multiply ¢, and v, to e, and e, respectively, integrate over €} and add them
up, we obtain

(€u,Py) + (epva)
(em —vAg + (Vu) ¢ — (Vﬁ)¢ - ( )¢ ( Cu, & ) (e;m V- ¢))
(vVg, Veu) + (eu, (V) '9) — (eu, (V-0)@) — (e, (0-V)@) — (V-eu,2) — (¢,V )
vV, Veu) + (V) 'peu) — (V-1)ey, @) — ((0- )¢7 eu) = (€, V) = (V-eu, 2)
(vV(gp — Ing), veu) (( ) (¢ 1), eu) (V-a)eu, @ — In¢)
—((WV)(@ = Ing). eu) — (p, V- (¢ — [n)) — (V eu, 2 — Ppz)
+ WVIL¢, Vey) + (V) Ing,eu) — (V- @)ew, Ind)
—((W-V)Ipo,en) — (ep, V- Ind) — (V- ey, Pr2)
={(wV(¢p — In¢),Vu) + (u-V)u,¢ — [,¢) — (0, V - (¢ — I1@))} + (V- U,z — Py2)
—(WV(¢ —1¢),VU) — (U-V)U, ¢ — I¢) + (P, V(¢ — @) — (V-u,z — Prz2)
+{QE1(In9)) + QE2(P, In¢) + QE3(Ino) + +QEA(In ) + QE2(P2,U)}
=T, + {QEL(Ine) + QE2(P, I ¢) + QE3(n¢) + +QE4(In @) + QE2(P, 2, U)},

where

T, =—wV(¢ —1n¢),VU) - ((U-V)U,¢ — [¢) + (P, V - (¢ — Ir9))
+(F,¢p—Ingp)+ (V-U,z —Bz)

is the residual term.

6. Conclusions. We developed a preliminary a posteriori error analysis for the
Lax-Friedrichs scheme applied to Burger’s equation using the adjoint of the modified
equation applied to the parabolic viscous Burgers equation, a scalar hydrodynamic



A POSTERIORI ANALYSIS FOR HYDRODYNAMIC SIMULATIONS 23

model. We developed a preliminary analysis of the Lax-Friedrichs scheme for the
hyperbolic inviscid Burgers equation and initiated an implementation for testing. We
developed an a posteriori error estimate of the MAC scheme for the incompressible
stationary Navier-Stokes hydrodynamic system in 2D and initiated an implementation
of the adjoint solution for testing.

Through this project we have assessed that in the short term, it is not yet feasible
to apply adjoint methods to hydrodynamic systems emitting discontinuities such as
we have at LLNL. Further work is still required to mature tools such as modified
equation analysis, variational forms, and viscous solutions for use within a posteriori
error analysis for discretizations of hydrodynamic systems emitting discontinuities.
We have established a collaboration between LLNL and Colorado State University
and will continue adjoint method development for these systems through students
and postdocs as well as through future proposals to LDRD and NSF.
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